The bacterium Pseudonocardia dioxanivorans CB1190 grows on the cyclic ethers 1,4-dioxane (dioxane) and tetrahydrofuran (THF) as sole carbon and energy sources. Prior transcriptional studies indicated that an annotated THF monooxygenase (THF MO) gene cluster, thmADBC, located on a plasmid in CB1190 is upregulated during growth on dioxane. In this work, transcriptional analysis demonstrates that upregulation of thmADBC occurs during growth on the dioxane metabolite ␤-hydroxyethoxyacetic acid (HEAA) and on THF. Comparison of the transcriptomes of CB1190 grown on THF and succinate (an intermediate of THF degradation) permitted the identification of other genes involved in THF metabolism. Dioxane and THF oxidation activity of the THF MO was verified in Rhodococcus jostii RHA1 cells heterologously expressing the CB1190 thmADBC gene cluster. Interestingly, these thmADBC expression clones accumulated HEAA as a dead-end product of dioxane transformation, indicating that despite its genes being transcriptionally upregulated during growth on HEAA, the THF MO enzyme is not responsible for degradation of HEAA in CB1190. Similar activities were also observed in RHA1 cells heterologously expressing the thmADBC gene cluster from Pseudonocardia tetrahydrofuranoxydans K1.
I
ncreasing evidence and awareness of the prevalence of 1,4-dioxane (dioxane) and tetrahydrofuran (THF) contamination in groundwater, due mainly to their use as chlorinated solvent stabilizers, has prompted research into the development of remediation strategies to remove them from the environment. One strategy being investigated for treatment of these four-carbon cyclic ethers is biological degradation.
A number of pure and mixed cultures of bacteria and fungi have been reported to degrade dioxane aerobically (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) , while only one study has reported anaerobic degradation (13) . To date, nine microorganisms have been reported to be capable of growth on dioxane as a sole carbon and energy source (i.e., metabolism of dioxane), including Rhodococcus ruber 219 (1), Mycobacterium sp. strain PH-06 (12) , Pseudonocardia dioxanivorans CB1190 (3, 14) , Pseudonocardia benzenivorans B5 (11) , the fungus Cordyceps sinensis (9) , and four recently isolated strains identified as two Mycobacterium spp., a Pseudonocardia sp., and a Gram-negative Afipia sp. (15) .
Proposed dioxane biodegradation pathways have largely been based on detected intermediates and products. The production of CO 2 from the mineralization of dioxane was initially reported for CB1190 (3) , and the intermediates ethylene glycol, glycolic acid, and oxalic acid were subsequently detected for the fungal isolate Cordyceps sinensis (9) . Accumulation of ␤-hydroxyethoxyacetic acid (HEAA) was observed during cometabolic degradation of dioxane by Pseudonocardia sp. strain ENV478 initially grown on THF (10) . HEAA and 12 additional intermediates of dioxane degradation were subsequently detected for strain CB1190, including 2-hydroxy-1,4-dioxane, 2-hydroxyethoxyacetaldehyde, 1,4-dioxane-2-one, 1,3-dihydroxyethoxyacetic acid, 2-hydroxyethoxy-2-hydroxyacetic acid, glycoaldehyde, glyoxal, and formic acid (16) . Even though a dioxane degradation pathway was proposed based on these detected intermediates (16) , genes likely associated with several enzymatic steps in the pathway were only recently identified (17) . Transcriptional analyses showed that the putative THF monooxygenase (MO) gene cluster thmADBC in strain CB1190 was the only MO out of eight previously identified by genome sequencing (18) that was upregulated during growth on dioxane versus glycolate. However, unclear from this analysis was whether thmADBC is involved only in the oxidation of dioxane or if it is also responsible for the oxidation of HEAA, as proposed by Mahendra et al. (16) .
Metabolism of THF has also been reported in nine bacterial strains, including Rhodococcus ruber strains 219 (1), M2 (19) , and ENV425 (10), a variety of Pseudonocardia strains, including CB1190 (3), B5 (11) , and ENV478 (10) , Pseudonocardia sulfidoxydans (20) , and Pseudonocardia tetrahydrofuranoxydans K1 (21, 22) . In addition, three fungal isolates are capable of growth on THF, including Cordyceps sinensis (9) , Aureobasidium pullulans (5), and Graphium sp. strain ATCC 58400 (7). Biochemical evidence from a number of studies indicates that the initial step in the aerobic biodegradation of THF, as with dioxane, is catalyzed by an MO reaction. Common among proposed metabolic pathways for THF degradation for R. ruber 219 (1), P. tetrahydrofuranoxydans K1 (22) , and Graphium sp. (7) is the initial oxidation of THF to 2-hydroxytetrahydrofuran and the formation of succinate as a downstream intermediate. The four-subunit THF MO gene cluster (thmADBC) from strain K1 was cloned and sequenced and transcriptionally implicated in the oxidation of THF to 2-hydroxytetrahydrofuran (22) . In addition to CB1190 and K1, homologs of the thm cluster have been found in Pseudonocardia strain ENV478 (10, 23) and Rhodococcus sp. strain YYL (24) . In the fungus Graphium sp. ATCC 58400, a cytochrome P450 MO enzyme was suggested to catalyze the initial oxidation of THF (7) .
In this study, the function of the THF MO in the degradation of dioxane and THF was examined. Transcriptomic microarray data from CB1190 grown on dioxane and THF and their respective intermediates were analyzed to identify differentially expressed genes involved in the metabolism of these cyclic ethers. Additionally, functionally active heterologous clones expressing the genes thmADBC from strains CB1190 and K1 were constructed and used to demonstrate the functional role of THF MO in the oxidation of dioxane and THF. The identification and functional characterization of THF MO will enable more effective detection and quantification of this important enzyme in the environment, leading to improved understanding of the fate and potential for bioremediation of cyclic ethers in the field.
MATERIALS AND METHODS
Laboratory strains and culture conditions. The bacterial strains used in this study were P. dioxanivorans CB1190 (3, 14) , P. tetrahydrofuranoxydans K1 (20) , Rhodococcus jostii RHA1 (25) , and electrocompetent Escherichia coli DH5␣ (New England BioLabs, Ipswich, MA). CB1190 cells were grown in ammonium mineral salts (AMS) liquid medium (3). The growth substrates dioxane, THF, succinate, glycolate, isopropanol, pyruvate, and glucose were added to the culture medium to achieve a final concentration of 5 mM, while HEAA was added to cultures at a final concentration of 1.5 mM. The potassium salt of HEAA was prepared by CanSyn Chemical Corporation (Toronto, ON, Canada). Cultures were incubated aerobically, with shaking at 150 rpm at 30°C.
Cell harvesting and RNA extraction for transcriptional studies. CB1190 cells were harvested for transcriptomic microarray analysis, reverse transcriptase PCR (RT-PCR), and RT-quantitative PCR (RT-qPCR) using the methods described in Grostern et al. (17) . Briefly, cells from replicate bottles were collected by filtration onto 0.22-m-pore-size polyvinylidene difluoride (PVDF) Durapore membrane filters (Millipore, Billerica, MA). The cells from each filter were scraped with a sterile scalpel and transferred to 2-ml screw-top microcentrifuge tubes containing 1 g of 100-m-diameter zirconia-silica beads (Biospec Products, Bartlesville, OK). Harvested cells were stored at Ϫ80°C until total nucleic acid extraction.
Nucleic acids were extracted using a modified version of the phenol method described previously (26) . Briefly, each 2-ml microcentrifuge tube containing cells and zirconia-silica beads was filled with 250 l of lysis buffer (50 mM sodium acetate, 10 mM EDTA [pH 5.1]), 100 l of 10% sodium dodecyl sulfate, and 1.0 ml phenol, pH 8 (Sigma-Aldrich, St. Louis, MO). Cells were lysed by heating samples to 65°C for 2 min, bead beating with a Mini Bead Beater (Biospec Products) for 2 min, incubation at 65°C for 8 min, and bead beating for an additional 2 min. Cellular debris was collected by centrifugation (5 min at 14,000 ϫ g), and the aqueous lysate was transferred to new microcentrifuge tubes. The lysate was extracted twice with 1 volume of phenol-chloroform-isoamyl alcohol (pH 8) (24:24:1, vol/vol/vol) and once with 1 volume of chloroformisoamyl alcohol (24:1, vol/vol). Nucleic acids were precipitated with 0.1 volume of 3 M sodium acetate and 1 volume of ice-cold isopropanol, followed by incubation at Ϫ20°C overnight. The precipitate was collected by centrifugation (30 min at 21,000 ϫ g at 4°C), washed once with 70% ethanol, and resuspended in 100 l of nuclease-free water.
To obtain RNA, resuspended nucleic acids were initially separated with an AllPrep kit (Qiagen, Valencia, CA), and then the RNA was purified using an RNeasy kit (Qiagen). Following elution with 100 l of RNase-free water, RNA was subjected to DNase I treatments using a DNA-free kit (Ambion, Carlsbad, CA), according to the manufacturer's instructions, until all of the contaminating DNA was removed (i.e., when qPCR analysis showed a threshold cycle [C T ] value of Ͼ35). DNasetreated RNA was subjected to a final cleanup using an RNeasy kit before gene expression analyses were performed.
Analytical techniques. Dioxane and THF concentrations were monitored by gas chromatography with a Varian 3400 gas chromatograph (GC) equipped with a flame ionization detector (FID), as described previously (11) . The production and degradation of HEAA were measured by liquid chromatography tandem mass spectrometry (LC-MS/MS) using a hydrophilic interaction chromatography (HILIC) column. Culture samples were filtered before analysis, using 0.2-m-pore-size syringe filters to remove cells. Standards and samples were measured on an Agilent Technologies 1200 Series LC system equipped with an Agilent Technologies Zorbax HILIC Plus column (4.6 mm by 100 mm; 3.5-m particle size) coupled to an Agilent Technologies 6410 tandem triple quadrupole (QQQ) mass spectrometer (Santa Clara, CA). The LC solvents used were solvent A consisting of aqueous buffer and solvent B consisting of acetonitrile. The aqueous buffer was composed of 10 mM ammonium formate in water with formic acid to adjust acidity (pH 5) and filtered through a 0.45-m-pore-size filter. The flow rate was 0.5 ml/min. The gradient was as follows: at time t ϭ 0 min, 95% solvent B; at t ϭ 10 min, 40% solvent B; at t ϭ 13 min, 95% solvent B; at t ϭ 15 min, 95% solvent B. The injection volume for samples and standards was 10 l. Column effluent was introduced into the electrospray chamber, where the electrospray ionization (ESI) was set to 3,000 V in negative mode (ESIϪ). Nitrogen was used as the nebulizing gas at 30 lb/in 2 and 325°C and a gas flow of 11 liters/min. Multiple reaction monitoring (MRM) was used to monitor the transitions from the parent ion of HEAA, m/z 119 [
Ϫ . The collision gas used for MRM was argon, with a collision energy of 6 V and a fragmentor voltage of 70 V for all MRM transitions. The summation of the peak areas for all MRM transitions was used for quantification of standards and samples.
Microarray studies. Transcriptomic microarray hybridization and imaging were performed on custom Affymetrix GeneChips (Santa Clara, CA) as previously described (17) . All microarray data analyses were performed in the R statistical programming environment (www.r-project .org) using packages available from Bioconductor, version 2.9 (www .bioconductor.org) (27) . Hybridization signal intensities for probe sets were calculated using the robust multiarray average (rma) function from the affy package (28) . Identification of differentially expressed genes was accomplished using the limma package (29) . Comparisons were made between groups of arrays in a contrast matrix, including all treatments (dioxane, glycolate, THF, and succinate) compared to the control (pyruvate), or direct comparisons were made between treatments (e.g., dioxane to glycolate or THF to succinate). Each biological triplicate for all growth conditions (THF and succinate in this study; dioxane, glycolate, and pyruvate in Grostern et al. [17] ) was analyzed on a single microarray. Contrast matrices were applied to the linear fitted microarray data using the function "contrast.fit." Estimated log fold changes (log 2 FC) and differential expression statistics between contrasts were determined using an empirical Bayes method, and P values from linear modeling were adjusted to correct for multiple hypothesis testing using the Benjamini and Hochberg procedure (30) with a false discovery rate (FDR) of 1% and a log 2 FC of ՆԽ1Խ.
RT-PCR and RT-qPCR analyses. For RT-qPCR transcriptional analyses, CB1190 was initially grown on 5 mM glucose in AMS medium and harvested by filtration. The harvested cells were washed and resuspended in AMS medium to remove glucose. Each exposure treatment (dioxane, THF, and propane) and control (glucose) condition was tested in triplicate. Total RNA was isolated from cells after 8 h of exposure to either 5 mM dioxane, 5 mM THF, 20% (vol/vol of total headspace) propane, or 5 mM glucose (control). The isolated RNA was used to synthesize cDNA using a TaqMan reverse transcription kit (Applied Biosystems, Foster City, CA). TaqMan chemistry was used for qPCRs targeting thmA (Psed_6976), prmA (Psed_0639), tpi (Psed_3417), thiC (Psed_6168), and rpoD (Psed_0376). The genes tpi, thiC, and rpoD were determined by the geNorm method (31) to be stably transcribed across all treatments and were thus used as internal references. qPCRs were performed in triplicate for each biological replicate on an Applied Biosystems StepOne Plus realtime PCR system and consisted of 1ϫ Fast Universal Mix (Applied Biosystems), 2 l of cDNA, each primer at 0.5 mM, and the probe at 145 nM. The cycling conditions were 95°C for 20 s and then 40 cycles of 95°C for 1 s, followed by annealing for 20 s at 60°C. The efficiency of each qPCR assay was determined with a serial dilution of cDNA derived from a dioxane treatment replicate. Gene expression was normalized using the method of Vandesompele et al. (31) .
Cells for RT-PCR analysis of the thmADBC genes were grown on dioxane, isopropanol, or THF and harvested by centrifugation. RNA was isolated using an RNeasy kit. RT-PCR was performed using a Qiagen One
Step RT-PCR kit. The primers used for amplification of each fragment can be found in Table S1 in the supplemental material.
Cloning and heterologous expression of THF MO genes in RHA1. A 4.3-kb fragment corresponding to CB1190 genes Psed_6976 to Psed_6979 was inserted into plasmid pK18 (32) and then subcloned into plasmid pTip-QC2 (33), which was named pTip-CB110-thfmo. A detailed description of cloning procedures and the growth of RHA1 expressing Pseudonocardia THF MO can be found in Materials and Methods in the supplemental material. Cloning of the thmADBC gene cluster from P. tetrahydrofuranoxydans K1 was done as described above, except that the gene cluster was amplified directly from K1 gDNA and digested, along with vector pTip-QC1, using EcoRI and NcoI prior to ligation.
To perform oxidation assays, frozen aliquots of RHA1(pTip-CB1190-thfmo), RHA1(pTip-K1-thfmo), and RHA1(pTip-QC2) were thawed and resuspended in 1 ml of cold phosphate buffer. The transformation of dioxane and THF and the production of HEAA were tested in triplicate in 2-ml microcentrifuge tubes containing 900 l of buffer and a 100-l cell suspension. Each triplicate tube was amended with dioxane (2.5 mM) or THF (4.0 mM) from aqueous stocks. Buffer controls (no cells) were prepared in parallel. Tubes were incubated at 30°C with horizontal shaking at 150 rpm. At several time points, 200-l samples were removed and analyzed for the disappearance of the amended compound, using GC-FID (for dioxane and THF) and LC-MS/MS (for HEAA).
MO acetylene inhibition assays. CB1190 was grown on dioxane (10 mM) in AMS medium, cells were harvested by filtration with 0.22-mpore-size filters, and filters were washed with 20 mM phosphate buffer (pH 7) to remove residual dioxane. Five milligrams (wet weight) of cells was aliquoted into eight serum vials (10 ml; Bellco, Vineland NJ), the cells were resuspended in 2 ml of phosphate buffer (20 mM), and the vials were sealed with black butyl rubber stoppers. Acetylene (25%, vol/vol) was added to the headspace of half of the vials, and all vials were incubated for 45 min at 30°C with shaking at 150 rpm. Acetylene was then removed by bubbling all vials with N 2 for 5 min. Dioxane (0.57 mM) or HEAA (0.57 mM) was added to two sets (acetylene-treated and non-acetylene-treated sets) of duplicate vials, and sodium formate (20 mM) was added to all vials as an external energy source. Duplicate no-cell controls were prepared in parallel. The vials were incubated at 30°C with horizontal shaking at 150 rpm. The concentrations of dioxane and HEAA in acetylene-exposed and non-acetylene-exposed cells and in abiotic controls were monitored over time.
Microarray data accession numbers. Details of the experimental design and data for the transcriptomic analysis of THF-and succinategrown strain CB1190 have been deposited in the NCBI Gene Expression Omnibus (GEO [http://www.ncbi.nlm.nih.gov/geo/]) and are accessible through GEO series accession number GSE48814. The CEL files containing the raw transcriptomic data for dioxane-, glycolate-, and pyruvategrown CB1190 were submitted for a previous study (17) under the GEO series accession number GSE33197.
RESULTS AND DISCUSSION
Differential gene expression during growth on THF, succinate, and pyruvate. A proposed reaction pathway for aerobic THF metabolism in CB1190 (Fig. 1) , based on differential gene expression analysis of CB1190 grown on THF, succinate, and pyruvate, has been adapted from the pathways proposed by Bernhardt and Diekmann (1), Skinner et al. (7), and Thiemer et al. (22) . Succinate was chosen as a growth substrate for differential gene expression analysis because it was previously identified as an intermediate of THF biodegradation in the bacterium P. tetrahydrofuranoxydans K1 (22) , as well as in the fungus Graphium sp. ATCC 58400 (7). Transcriptomic microarray results showed that a total of 796 genes were differentially expressed when CB1190 was grown on THF versus succinate, with 210 upregulated and 586 downregulated (see Table S3 in the supplemental material). Relative to previously collected transcriptomics data of pyruvate-grown CB1190 (17), 669 and 553 genes were differentially expressed on THF and succinate, respectively (see Tables S4 and S5) , with 220 upregulated on THF and 366 upregulated on succinate.
Among the genes upregulated on THF but not succinate, relative to pyruvate (Table 1; see also Table S2 ), is the annotated THF MO gene cluster thmDBC, Psed_6977-Psed_6979, located on plasmid pPSED02. In strain K1, thmADBC is thought to be involved in the hydroxylation of THF to 2-hydroxytetrahydrofuran since Northern blot analysis showed the thm cluster being transcribed during THF utilization (22) . Although the CB1190 microarray used in this current study lacks a probe set for the gene encoding the ␣-subunit (thmA), RT-qPCR demonstrated that short-term (8-h) exposure of CB1190 cells to THF leads to upregulation of thmA transcription by 10-fold compared to transcription in unexposed cells. Short-term exposure to dioxane or propane was also shown to induce thmA expression by 24-fold or 6-fold, respectively. The gene expression of the ␣-subunit (thmA) was chosen for qPCR analysis because the ␣-subunit of the propane monooxygenase encoding the large hydroxylase component in R. jostii RHA1 was previously found to be the most highly expressed gene in its prmABCD cluster (34) . Furthermore, RT-PCR of the putative THF MO genes thmADBC indicated that all of the genes in this cluster were cotranscribed during growth on THF (see Fig. S1 in the supplemental material). In addition to thmADBC, genes encoding an alcohol dehydrogenase GroES domain protein (Psed_0131), an aldehyde dehydrogenase (aldH, Psed_6981), and a Mn 2ϩ /Fe 2ϩ transporter (Psed_6982) were also upregulated in the presence of THF relative to both succinate and pyruvate (Table 1) . While the conversion of 2-hydroxytetrahydrofuran to ␥-butyrolactone had been proposed to be catalyzed by an alcohol dehydrogenase (7), our results provide transcriptional evidence for the involvement of a specific alcohol dehydrogenase in THF degradation.
Following abiotic hydrolysis of ␥-butyrolactone to 4-hydroxybutyrate, the next enzymatic reaction in the THF degradation pathway is the transformation of 4-hydroxybutyrate to succinic semialdehyde, potentially catalyzed by a hydroxyacid-oxoacid transhydrogenase (35) or a 4-hydroxybutyrate dehydrogenase (36) . According to the transcriptomic results, two genes (Psed_6970 and Psed_6971) located just upstream of the thm cluster on plasmid pPSED02 were upregulated in the presence of THF but not with succinate, relative to pyruvate (Table 1) . Psed_6970 encodes a lactate dehydrogenase, a homolog of 4-hydroxybutyrate dehydrogenase, which has been reported to convert 4-hydroxybutyrate to succinic semialdehyde using NAD (37) , while Psed_6971 encodes a hydroxyacid-oxoacid transhydrogenase. Also upregulated in the thm gene cluster on plasmid pPSED02 was the succinate semialdehyde dehydrogenase-encoding gene sad (Psed_6975) ( Table 1) , whose product is predicted to catalyze the next transformation step, oxidation of succinate semialdehyde to succinate (22) .
Although the proposed pathway for THF metabolism in CB1190 based upon gene expression analyses (Fig. 1) Activity of a Cyclic Ether Monooxygenase similarities with the pathways proposed for P. tetrahydrofuranoxydans K1 (22) and Graphium sp. ATCC 58400 (7), one notable difference between the CB1190 and K1 pathways is the transcriptional evidence for the tautomeric transformation of 2-hydroxytetrahydrofuran to 4-hydroxybutyraldehyde in CB1190, similar to that proposed in the fungus. The exclusion of this transformation step in the THF pathway in strain K1 was based on transcriptional results indicating that aldH was not expressed during growth on THF (22) . However, aldH on pPSED02 near the thm cluster in CB1190 (Psed_6981) was upregulated during growth on THF, suggesting that tautomeric conversion of 2-hydroxytetrahydrofuran likely occurs during THF degradation, as proposed in Fig. 1 . The protein product of thmADBC oxidizes dioxane and THF. In order to verify the THF and dioxane transformation activity of the enzyme encoded by thmADBC, the gene cluster from CB1190 was inserted into pTip-QC2 and used to transform R. jostii RHA1. RHA1 was chosen as a host for expression of thmADBC for several reasons: (i) it belongs to the same Actinomycetales order as CB1190 (25), (ii) its wild type is unable to oxidize or otherwise transform dioxane or THF (data not shown), and (iii) it expresses an analogous multicomponent propane monooxygenase prmABCD (34) , which has a GC content (64%) similar to that of thmADBC of CB1190 (60%). Whole cells of RHA1(pTip-CB1190-thfmo), following growth on nutrient broth and induction by thiostrepton, demonstrated nearly complete transformation of 4 mM THF within 3 days (Fig. 2A) . The amount of THF loss in the abiotic and RHA1(pTip-QC2) controls was minimal and could be attributed to the volatility of THF (Henry's constant, H c , of 7.05 ϫ 10 Ϫ3 atm · m 3 /mol) (38) . RHA1(pTip-CB1190-thfmo) suspensions degraded 2.5 mM dioxane within 3 days (Fig.  2B) , while dioxane loss in the abiotic and RHA1(pTip-QC2) controls was negligible. The dioxane degradation pathway intermediate HEAA accumulated stoichiometrically with dioxane disappearance. No dioxane transformation activity was detected in cell extracts prepared by bead beating or sonication of RHA1(pTip-CB1190-thfmo) cells, even with the addition of the MO electron donor NADH.
The thmADBC gene cluster was also cloned from P. tetrahydrofuranoxydans K1 and expressed in RHA1 cells using the pTip-QC1 vector, RHA1(pTip-K1-thfmo). As with RHA1(pTip-CB1190-thfmo), RHA1(pTip-K1-thfmo) transformed both THF and dioxane (see Fig. S2 in the supplemental material), and HEAA was produced in stoichiometric amounts from dioxane (data not shown). RHA1(pTip-K1-thfmo) and RHA1(pTip-CB1190-thfmo) removed nearly equivalent (ϳ1 mM) amounts of dioxane and THF over 77 h (see Fig. S2 ).
The demonstration of THF and dioxane oxidation activity in the two RHA1 clones is significant for two reasons: (i) it confirms the role of the CB1190 THF MO in the initial oxidation of these two cyclic ethers, and (ii) it demonstrates that RHA1 can be used as a heterologous host for expression of multicomponent MOs. In addition to this study, functional genetic evidence for the involvement of THF MO genes (thm) has been demonstrated in Pseudonocardia sp. strain ENV478, in which decreased translation of the thmB gene, caused by antisense RNA, resulted in loss of its ability to degrade THF and oxidize 1,4-dioxane (23) . To date, we have been unable to express active THF MO from CB1190 in E. coli, as well as active propane MO enzymes encoded by the prm-ABCD gene clusters from the actinomycetes RHA1 (34) and Gordonia sp. strain TY-5 (39) . In support of our finding that the expression of multicomponent MOs is easier in actinomycete hosts, a recent study by Furuya et al. (40) reported the heterologous expression of mimABCD gene clusters from Mycobacterium smegmatis strain MC2 155 and Mycobacterium goodii strain 12523. These gene clusters encode binuclear monooxygenases involved in the oxidization of propane and phenol in the host Rhodococcus opacus B-4.
HEAA induces, but is not transformed by, the CB1190 THF MO. It was previously proposed that the MO enzyme that catalyzes the first oxidation step in the dioxane degradation pathway may also hydroxylate HEAA, leading to the formation of a number of 2-carbon intermediates (16) . Our previous transcriptomic study showed that the thm gene cluster was the only MO-encoding cluster of CB1190 to be upregulated during growth on dioxane (17) . However, those transcriptomic results did not clarify whether the same MO catalyzes the hydroxylation of both dioxane and HEAA, necessitating additional functional studies to clarify the nature of HEAA transformation in CB1190.
HEAA supported the growth of CB1190, with complete removal of 1.5 mM HEAA within 11 days by a culture inoculated with a 1:500 dilution of dioxane-grown cells (Fig. 3A) . RT-qPCR analysis was used to compare the transcriptional level of thmA in HEAA-and pyruvate-grown cells. Normalized to the housekeeping genes tpi (Psed_3417) and rpoD (Psed_3051), thmA was transcribed at a level 41-fold higher in HEAA-grown cells than in pyruvate-grown cells. We previously showed that dioxane, but not the dioxane degradation metabolite glycolate, induced thmA 15- fold relative to pyruvate (17) . Although gene expression results appear to indicate that the THF MO is involved in HEAA transformation, the accumulation of HEAA in RHA1(pTip-CB1190-thfmo) clones degrading dioxane (see Fig. S2B in the supplemental material) demonstrates the inability of the THF MO to degrade HEAA. In addition to the RHA1(pTip-CB1190-thfmo) clones, the RHA1(pTip-K1-thfmo) clones also demonstrated HEAA generation and accumulation when exposed to dioxane ( Fig. 2B ; see also Fig. S2 ). Even after prolonged incubation (48 h), these clones were not able to degrade HEAA (data not shown). These results support the hypothesis that the THF MO encoded by the thmADBC gene cluster is not responsible for the transformation of HEAA.
Brief exposure of acetylene gas can cause irreversible inhibition of specific types of MO enzyme activity (41) (42) (43) (44) (45) and may specifically inhibit the oxidation of dioxane (11, 16) . In order to test the hypothesis that an acetylene-sensitive MO is involved in the transformation of HEAA by CB1190 (16) , resting cells of dioxanegrown CB1190 were exposed to acetylene, and then degradation of dioxane and HEAA was monitored. During the first couple of hours, cells preexposed to acetylene removed negligible dioxane (Fig. 3B ) but degraded 0.5 mM HEAA (Fig. 3C) , which was similar to results with the positive control (cells not exposed to acetylene). After 2 h, some dioxane removal was observed in acetylene-exposed cells, likely due to de novo THF MO synthesis. These results contradict the hypothesis that an acetylene-sensitive MO enzyme is responsible for HEAA degradation. Further, we had previously observed that HEAA is a transient metabolite generated during dioxane degradation, appearing and disappearing within a short span of time (1 to 4 h) rather than accumulating while dioxane is still detectable (16) . Together with the data shown in Fig. 2B and 3C, this indicates that dioxane and HEAA transformations are performed simultaneously rather than stepwise by CB1190, supporting the hypothesis that two different enzymes are responsible for the two oxidation reactions.
Potential alternative mechanisms for HEAA transformation in CB1190. The thm gene cluster is present in strains CB1190 (18), K1 (22) , and ENV478 (18, 22, 23) . Heterologous expression demonstrated that in both CB1190 and K1, this gene cluster encodes a monooxygenase that transforms both THF and dioxane, while similar activity for this gene cluster was suggested by gene knockdown techniques in ENV478 (23) . Unlike CB1190, K1 and ENV478 degrade dioxane cometabolically. However, ENV478 accumulates HEAA as a dead-end product of dioxane degradation (10) while K1 does not accumulate HEAA (16) . Thus, it is plausible that both CB1190 and K1 express enzymes that catalyze the transformation of HEAA that ENV478 lacks. Given K1's ability to mineralize dioxane (16) , its inability to metabolize dioxane for supporting growth remains unresolved.
In addition to MOs, a variety of non-MO enzymes have been reported to catalyze ether bond cleavage, including dioxygenases, ether hydrolases, carbon-oxygen lyases, peroxidases, laccases, and etherases (46) . Further studies with CB1190, K1, and other strains capable of growth on dioxane are needed to identify the enzymes involved in HEAA transformation during dioxane biodegradation. 
